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(57) ABSTRACT 

An initiator node in a local cluster included in a wireless 
network receives an admission request to execute an applica 
tion comprising a set of tasks. If the initiator node is unable to 
map the set of tasks to nodes included in the local cluster, the 
local cluster head node forwards the admission request to the 
cluster head node of successive clusters in the wireless net 
work in order to have at least one node in each of the succes 
sive clusters send resource availability information to the 
initiator node. The initiator node attempts to map the set of 
tasks to a subset of the nodes from which resource availability 
information has been received. This is repeated until the 
initiator node is able to map the set of tasks to a subset of the 
nodes in the wireless network or until there are no additional 
clusters to forward the admission request to. 

31 Claims, 14 Drawing Sheets 
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RESOURCE MANAGEMENT FOR AD HOC 
WIRELESS NETWORKS WITH CLUSTER 

ORGANIZATIONS 

GOVERNMENT LICENSE RIGHTS 

The US. Government has a paid-up license in this inven 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro 
vided for by the terms of Contract No. N000l4-0l-C-003l 
awarded by the Department of the Navy. 

TECHNICAL FIELD 

The following description relates to telecommunications in 
general and to providing quality of service in a wireless 
network in particular. 

BACKGROUND 

One type of telecommunication network is a wireless net 
work. In a wireless network, two or more devices communi 
cate over a wireless communication link (for example, over a 
radio frequency (RF) communication link). In one wireless 
network topology, one or more remote nodes communicate 
with a central node (also referred to here as a “base station”) 
over respective wireless communication links. In such a 
topology, pre-exi sting network infrastructure is typically pro 
vided. In one example, a network of base stations, each of 
which is coupled to one or more wired networks, is provided. 
In such a topology, the remote nodes typically do not com 
municate with one another directly. One example of such a 
network is a cellular telephone network. 

In another wireless network topology (referred to here as 
“ad hoc”), no predetermined infrastructure is provided. Typi 
cally, an ad hoc network is made up of a dynamic group of 
nodes that communicate over wireless communication links. 
Because wireless communication links used in ad hoc wire 
less networks are typically prone to a large variation in qual 
ity, providing quality of service (QOS) is important in appli 
cations that have demanding availability, bandwidth, and 
delay requirements. Examples of such applications include 
real-time and mission critical applications such as search and 
rescue, wireless multimedia, command and control, and com 
bat support systems. 

SUMMARY 

In one embodiment, a system includes a wireless network 
comprising a plurality of clusters. Each cluster comprises a 
set of nodes including a cluster head node. Each node 
includes at least one resource. When an initiator node in a 
local cluster included in the wireless network receives an 
admission request to execute an application comprising a set 
of tasks, the initiator node forwards the admission request to 
a local cluster head node for the local cluster. When the 
admission request is forwarded to the local cluster head node, 
the local cluster head node requests that at least one of the set 
of nodes included in the local cluster provide resource avail 
ability information to the initiator node. The initiator node 
attempts to map the set of tasks to a subset of the nodes 
included in the local cluster using the resource availability 
information received from nodes in the local cluster. If the 
initiator node is unable to map the set of tasks to the subset of 
nodes included in the local cluster, the local cluster head node 
forwards the admission request to the cluster head node of 
successive clusters in the wireless network in order to have at 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
least one node in each of the successive clusters send resource 
availability information to the initiator node until the initiator 
node is able to map the set of tasks to a subset of the nodes in 
the wireless network or until there are no additional clusters to 
forward the admission request to. The initiator node attempts 
to map the set of tasks to a subset of the nodes from which 
resource availability information has been received. 

In another embodiment, a method includes attempting to 
map a set of tasks to at least one node within a ?rst cluster of 
the wireless network based on resource availability of the 
nodes within the ?rst cluster. The wireless network has a 
plurality of clusters. Each cluster includes at least one of a 
plurality of nodes. The method further includes, if unable to 
map the set of tasks to said at least one node in the ?rst cluster, 
attempting to map the set of tasks to at least one node in at 
least one of the ?rst cluster and at least one of the other 
clusters in the wireless network based on resource availability 
of the nodes within the ?rst cluster and the at least one of the 
other clusters in the wireless network. 

In another embodiment, a system includes a wireless net 
work comprising a plurality of clusters. Each cluster includes 
a set of nodes including a cluster head node. Each node 
includes at least one resource. When an initiator node in a 
local cluster included in the wireless network receives an 
admission request to execute an application comprising a set 
of tasks, the initiator node forwards the admission request to 
a local cluster head node for the local cluster. When the 
admission request is forwarded to the local cluster head node, 
the local cluster head node requests that at least one of the set 
of nodes included in the local cluster provide resource avail 
ability information to the initiator node. The initiator node 
attempts to map the set of tasks to a subset of the nodes 
included in the local cluster using the resource availability 
received from nodes in the local cluster. If the initiator node is 
unable to map the set of tasks to the subset of nodes included 
in the local cluster, the initiator node requests that the local 
cluster head node forward the admission request to at least 
one remote cluster head node of at least one remote cluster 
included in the wireless network. When the admission request 
is forwarded to the at least one remote cluster head node, the 
at least one remote cluster head node requests that at least one 
of the set of nodes included in the at least one remote cluster 
provide resource availability information to the initiator 
node. The initiator node attempts to map the set of tasks to a 
subset of the nodes included in at least one of the local cluster 
and the at least one remote cluster using the resource avail 
ability received from nodes in the local cluster and the at least 
one remote cluster. 

In another embodiment, a ?rst node includes a wireless 
transceiver to send and receive data over a wireless network, 
a processor in communication with the wireless transceiver, 
and a tangible medium, in communication with the processor, 
in which program instructions are embodied. The program 
instructions, when executed by the processor, cause the ?rst 
node to receive an admission request from a client. The 
admission request requesting that a set of tasks be executed. 
The program instructions, when executed by the processor, 
cause the ?rst node to forward the admission request to a local 
cluster head node for a local cluster in order to have at least 
one node in the local cluster send resource availability infor 
mation to the ?rst node. The ?rst node is a member of the local 
cluster. The program instructions, when executed by the pro 
cessor, cause the ?rst node to receive resource availability 
information from the at least one node in the local cluster and 
attempt to map the set of tasks to at least a subset of the nodes 
included in the local cluster using the resource availability 
information received from the at least one node in the local 
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cluster. The program instructions, when executed by the pro 
cessor, cause the ?rst node to, if unable to map the set of tasks 
to the subset of nodes included in the local cluster, request that 
the local cluster head node of the local cluster forward the 
admission request to at least one remote cluster head node of 
at least one remote cluster included in the wireless network in 
order to have at least one node in the at least one remote 
cluster send resource availability information to the ?rst 
node. The program instructions, when executed by the pro 
cessor, cause the ?rst node to, if unable to map the set of tasks 
to the subset of nodes included in the local cluster, attempt to 
map the set of tasks to at least a subset of the nodes included 
in at least one of the local cluster and the at least one remote 
cluster using the resource availability received from the at 
least one node in at least one of the local cluster and the at least 
one remote cluster. 

In another embodiment, software embodied on a tangible 
medium readable by a programmable processor included in a 
?rst node of a wireless network. The wireless network 
includes a plurality of clusters. The software includes pro 
gram instructions executable on at least one programmable 
processor included in the ?rst node. The program instructions 
are operable to cause the ?rst node to receive an admission 
request from a client, the admission request requesting that a 
set of tasks be executed. The program instructions are oper 
able to cause the ?rst node to forward the admission request to 
a local cluster head node for the local cluster in order to have 
at least one node in the local cluster send resource availability 
information to the ?rst node. The ?rst node is a member of the 
local cluster. The program instructions are operable to cause 
the ?rst node to receive resource availability information 
from the at least one node in the local cluster and attempt to 
map the set of tasks to at least a subset of the nodes included 
in the local cluster using the resource availability information 
received from the at least one node in the local cluster. The 
program instructions are operable to cause the ?rst node to, if 
unable to map the set of tasks to the subset of nodes included 
in the local cluster, request that the local cluster head node of 
the local cluster forward the admission request to at least one 
remote cluster head node of at least one remote cluster 
included in the wireless network in order to have at least one 
node in the at least one remote cluster send resource avail 
ability information to the ?rst node. The program instructions 
are operable to cause the ?rst node to, if unable to map the set 
of tasks to the subset of nodes included in the local cluster, 
attempt to map the set of tasks to at least a subset of the nodes 
included in at least one of the ?rst cluster and the at least one 
remote cluster using the resource availability received from 
received from the at least one node in at least one of the ?rst 
cluster and the at least one remote cluster. 

In another embodiment, a ?rst node includes means for 
sending and receiving data over a wireless network, means for 
receiving an admission request from a client, the admission 
request requesting that a set of tasks be executed, and means 
for forwarding the admission request to a local cluster head 
node for a local cluster in order to have at least one node in the 
local cluster send resource availability information to the ?rst 
node. The ?rst node is a member of the local cluster. The ?rst 
node further includes means for receiving resource availabil 
ity information from the at least one node in the local cluster 
and means for attempting to map the set of tasks to at least a 
subset of the nodes included in the local cluster using the 
resource availability information received from the at least 
one node in the local cluster. The ?rst node further includes 
means for requesting that the local cluster head node of the 
local cluster forward the admission request to at least one 
remote cluster head node of at least one remote cluster 
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included in the wireless network in order to have at least one 
node in the at least one remote cluster send resource avail 
ability information to the ?rst node, if unable to map the set of 
tasks to the subset of nodes included in the local cluster. The 
?rst node further includes means for attempting to map the set 
of tasks to at least a subset of the nodes included in at least one 
of the local cluster and the at least one remote cluster using the 
resource availability received from the at least one node in at 
least one of the local cluster and the at least one remote 
cluster, if unable to map the set of tasks to the subset of nodes 
included in the local cluster. 
The details of one or more embodiments of the claimed 

invention are set forth in the accompanying drawings and the 
description below. Other features and advantages will 
become apparent from the description, the drawings, and the 
claims. 

DRAWINGS 

FIG. 1 is a block diagram of one exemplary embodiment of 
an ad hoc wireless network. 

FIG. 2 is a block diagram of one embodiment of a combat 
support system. 

FIG. 3 is a block diagram illustrating one embodiment of a 
system for resource management. 

FIGS. 4A-4B, 5A-5B, and 6A-6B are ?ow diagrams of one 
embodiment of methods of admitting a distributed applica 
tion in an ad hoc wireless network having a cluster topology. 

FIGS. 7A-7F are block diagrams illustrating the operation 
of the embodiment of the application admission protocol 
shown in FIGS. 4A-4B, 5A-5B, and 6A-6B. 

FIG. 8 is a simpli?ed block diagram of one embodiment of 
a node. 

Like reference numbers and designations in the various 
drawings indicate like elements. 

DETAILED DESCRIPTION 

FIG. 1 is a block diagram of one exemplary embodiment of 
an ad hoc wireless network 100. In one implementation of 
such an embodiment, network 100 is a mobile ad hoc wireless 
network 100 (also referred to here as a “MANET”). Network 
100 is an ad hoc wireless network that includes a dynamic set 
of nodes 102. Over time, various nodes typically will join and 
leave the network. 

In the embodiment shown in FIG. 1, the nodes 102 are 
organiZed in clusters 108. One of the nodes 102 in each cluster 
is designated as the “cluster head” node 102. In one imple 
mentation, the clusters 108 are formed based on tra?ic local 
ity and node mobility. In another implementation, the clusters 
108 are formed based on logical membership and mobility 
patterns. In the embodiment shown in FIG. 1, the cost of 
communication within a cluster is typically lower than 
between clusters, though in other embodiments this is not 
necessarily the case. 

In the embodiment shown in FIG. 1, one or more distrib 
uted applications 104 are executed by the nodes 102. Two 
distributed applications 104-1 and 104-2, respectively, are 
shown in FIG. 1. Each distributed application 104 comprises 
one or more tasks 106 that are executed by a subset of the 
nodes 102 in the network 100. In FIG. 1, the distributed 
applications 104-1 and 104-2 comprise tasks 106-1 and tasks 
106-2, respectively. 
Each distributed application 104 uses various resources in 

the course of being executed. In the embodiment shown in 
FIG. 1, one type of resource is provided by, and is character 
iZed relative to, a single node 102. This type of resource is 
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referred to here as a “node resource.” Examples of node 
resources include processing time, memory usage, and 
energy. Another type of resource is characterized relative to a 
pair of nodes 102 and is referred to here as a “network 
resource.” Network bandwidth between two nodes 102 is one 
example of a network resource and is speci?ed as a source 
destination pair. 

In one implementation, network 100 supports periodic dis 
tributed applications 104 with a pipeline topology comprising 
a chain of communication tasks. One example of such a 
distributed application 104 is illustrated in FIG. 2. FIG. 2 is a 
block diagram of one embodiment of a combat support sys 
tem 200. An ad hoc wireless network is used to link the 
various devices (that is, nodes) that are included in the net 
work. A ?rst unmanned air vehicle 202 (for example, a 
PREDATOR drone) monitors an enemy target 204. The ?rst 
unmanned air vehicle 202 delivers real-time (that is, time 
critical data) surveillance data (for example, high data rate 
video and/ or infrared data) to a ?re control terminal 206 
operated by one or more soldiers. 

The ?rst unmanned air vehicle 202 delivers real -time (that 
is, time-critical data) surveillance data (for example, high 
data rate video and/ or infrared data) to a ?re control terminal 
206 operated by one or more soldiers. In the embodiment 
shown in FIG. 2, the surveillance data from the ?rst 
unmanned air vehicle 202 is routed to the ?re control terminal 
206 via a second unmanned air vehicle 208. 

The ?re control terminal 206, in such an embodiment, is 
used to control a weapon 210 (for example, to ?re HOWIT 
ZER at the enemy target 204). Such control information is 
time-critical. Control information from the ?re control termi 
nal 206 is routed to the weapon 210 via the second unmanned 
air vehicle 208. This type of mission-critical application 
demands strict limits on end-to-end latency and requires sig 
ni?cant bandwidth for network connections. Embodiments of 
the methods, devices, and systems described here are suitable 
for use in such an embodiment, though it is to be understood 
that such methods, devices, and systems are suitable for use 
with other types of applications and networks. 

FIG. 3 is a block diagram illustrating one embodiment of a 
system 300 for resource management. The embodiment of 
system 300 is described here as being implemented on each of 
the nodes 102 of the wireless network 100 of FIG. 1, though 
it is to be understood that other embodiments of system 300 
are implemented in other ways and/ or using other networks 
100. The system 300 includes an application service manager 
302 and one or more resource managers 304. Each of the 

resource managers 304 manages one or more resources avail 

able to an application 304 executing on the node 102. 
Resources that are available to the node 102 include, for 
example, node resources such as CPUs, memory, storage, 
energy and network resources such as buffers and communi 
cation bandwidth. In one implementation of such an embodi 
ment, all the resource managers 304 export a common inter 
face for admission, adaptation and feedback adaptation that 
allows resource managers 304 for different resources and/or 
policies to be “plugged in” the system 300 relatively simply. 

For example, in the embodiment shown in FIG. 3, the 
system 300 includes a resource manager that manages CPU 
load available at that node 102. This resource manager is also 
referred to here as the “CPU resource manager” 304. The 
CPU resource manager 304 administers the local (that is, 
local relative to the node 102) CPU resource. In one imple 
mentation of such an embodiment, the CPU resource man 
ager 304, based on the current CPU resource allocation for the 
node 102, builds a process scheduler and controls the utiliZa 
tion of the CPU for the node 102 by applications 104 (and the 
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6 
tasks 106 comprising such applications 106) executing on 
that node 102. In such an implementation, the CPU resource 
manager 304 is implemented as a middleware layer wrapped 
on top of the local scheduler of the operating system execut 
ing on the node 102. In another implementation, the CPU 
resource manager 304 implements a real-time scheduling 
policy, such as the rate monotonic algorithm (RMA). 
As shown in FIG. 3, the system 300 also includes a 

resource manager that controls communication bandwidth 
and delay. This resource managers is also referred to here as 
the “network resource manager” 304. The network resource 
manager 304 controls bandwidth allocation, enforces traf?c 
shaping and extracts network topology from the routing layer. 
The embodiment of an admission protocol described below in 
connection with FIGS. 4A-4B, 5, 6, and 7 works in coopera 
tion with a cluster-based ad hoc routing protocol. In one 
embodiment, nodes 102 are organiZed in clusters 108 where 
the cost of communication within a cluster 108 may be lower 
than between clusters 108. The application admission proto 
col described below in connection with FIGS. 4A-4B, 5A-5B, 
and 6A-6B attempts to improve admission quality by decreas 
ing cost of communication based on the assumption that 
communication in a MANET is less reliable while processing 
resources are plentiful. 

The application service manager 302 is responsible for the 
end-to-end resource management for each distributed appli 
cation. The application service manager 302 handles end-to 
end QoS negotiation, admission, and adaptation by breaking 
end-to-end requests into individual contracts for basic 
resources that are passed to the appropriate resource manag 
ers 304 and to other application service managers 302 execut 
ing on other nodes 102 in the network 100. Application ser 
vice managers 302 receive admission requests from clients 
306. Clients 306, as used here, include users, applications 
104, or other application service managers 302 executing on 
other nodes 102 in the network 100. 

Each admission request for a particular distributed appli 
cation comprises a minimum and maximum range of accept 
able QoS (CPU load, network bandwidth) for the tasks 106 of 
that particular application 104. In one implementation, the 
distributed applications 104 comprise distributed periodic 
tasks 106 that are connected (that is, communicate) in a 
pipeline topology. Depending on resource availability, tasks 
106 from the same application 104 may be mapped to and 
executed on the same node 102, on different nodes 102 in the 
same cluster, or on nodes 102 from different clusters. Typi 
cally, each case incurs an increasing cost of intra-application 
communication. 

During operation of such an embodiment, it may be the 
case that some application tasks 106 must be admitted on a 
speci?c node 102 or on a node 102 that is close to a particular 
geographical location and/or physical item. One example is 
shown in FIG. 2. An application 104 that performs automatic 
target recognition of the target 204 requires that a sensor task 
run on the ?rst unmanned air vehicle 202, which includes an 
imaging and/ or infra-red sensor. A target display task is run on 
the ?re control terminal 206. Intermediary processing and 
recognition tasks, however, can be allocated on any node 102 
in the network with necessary and suf?cient resources. 

In one implementation, such task constraints are addressed 
by de?ning special resources appropriate to the particular 
constraint. In the previous example, a “sensor” resource and 
“target display” resource are de?ned. In such an implemen 
tation, the ?rst unmanned air vehicle 202 executes a sensor 
resource manager 304 that manages access to the sensor 
resource available on the ?rst unmanned air vehicle 202. The 
?re control terminal 206 executes a target display resource 
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manager that manages access to the target display resource 
available on the ?re control terminal 206. Application service 
managers 302 in the netWork 100 match requests made by 
tasks 106 for the sensor resource and the target display 
resource to the sensor resource manager 304 and the target 
display resource manager 304, respectively, as appropriate. 
Moreover, in other implementations, the system 300 is 
adapted to account for general location constraints by pre 
loading a matrix X (described beloW), Which de?nes the task 
mapping, With xi]. values re?ecting a desired mapping of a 
particular task i onto a particular node j. 

FIGS. 4A-4B, 5A-5B, and 6A-6B are How diagrams of one 
embodiment of methods 400, 500, and 600, respectively, of 
admitting a distributed application in an ad hoc Wireless net 
Work having a cluster topology. The embodiments of method 
400, 500, and 600 are described here as being implemented 
using the embodiment of netWork 100 shoWn in FIG. 1 and 
the embodiment of system 300 shoWn in FIG. 3, though it is 
to be understood that other embodiments are implemented in 
other Ways. 

The embodiment of method 400 shoWn in FIGS. 4A-4B is 
performed by an application service manager 302. The appli 
cation service manager 302 listens for an admission request 
sent from a client 306 executing on the same node 102 as the 
ASM 302 (block 402). The admission request indicates that 
the client 306 Wishes to have a distributed application 104 
admitted and executed on one or more nodes 102 in the 
netWork 100. When an admission request is sent to an appli 
cation service manager 302, the application service manager 
302 receives the admission request (block 404). 

The client 306 that sends the admission request is referred 
to here as the “initiator client.” The admission request is 
received by the application service manger 302 executing on 
the same node 102 as the initiator client 306. The receiving 
application service manager 302 is also referred to here as the 
“initiator application service manager” or “initiator ASM.” 
The node 102 on Which the initiator client 306 and the initia 
tor ASM 302 are executing is referred to here as the “initiator 
node 102.” Also, the cluster 108 that the initiator node 102 is 
a member of is referred to here as the “local cluster 108.” The 
cluster head node 102 of the local cluster 108 is referred to 
here as the “local cluster head node” or “local cluster head.” In 
one embodiment, the admission request identi?es the distrib 
uted application 104 that the client 306 Wishes to have admit 
ted (Which is also referred to here as the “pending applica 
tion”), the tasks 106 that comprise the distributed application 
104 (Which are also referred to here as the “pending tasks”), 
and minimum and maximum resource allocations for each 
resource that is needed by the pending tasks 106. 

The initiatorASM forWards the admission request on to the 
local cluster head node 102 (block 406). The initiator ASM 
302 forWards the admission request to the local cluster head 
node 102. The cluster head node 404 receives the admission 
request and forWards the admission request on to each of the 
nodes 102 in the local cluster 108. Such forWarding is done in 
accordance With the underlying routing protocol used in the 
netWork 100. The nodes 102 in the local cluster 108 are also 
referred to here as the “local nodes” 102. The cluster head 
node 102 to Which the admission request Was most recently 
forWarded is also referred to here as the “current cluster head 
node.” The cluster associated With the current cluster node is 
also referred to here as the “current cluster.” For example 
When the admission request is forWarded to the local cluster 
head node 102, the local cluster head node 102 is the current 
cluster head node 102 and the local cluster 108 is the current 
cluster. 
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8 
As described beloW in connection With FIG. 6A, each of 

the nodes 102 that receives an admission message and, in 
response, sends a message to or otherWise informs the initia 
tor ASM 302 of the resource availability of that node 102. In 
one embodiment, this process also includes the initiatorASM 
102 obtaining the resource availability for the initiator node 
102 but not from the current cluster head node 102. In another 
embodiment, the current cluster head node 102 does provide 
its resource availability to the initiator ASM 302. 
As described beloW in connection With FIG. 6A, in the 

embodiment shoWn in FIGS. 4A-4B, 5A-5B, and 6A-6B the 
resource availability for a given node includes tWo partsithe 
unused resource availability and the adaptation resource 
availability. The unused resource availability of a given 
resource for a given node 102 includes the amount of that 
resource that is not currently being used by any task 106 
executing on the particular node 102. The adaptability 
resource availability of a given resource for a given node 
includes the amount of that resource that could be freed up by 
having one or more tasks adapt (that is, loWer) their resource 
utiliZation of that resource. 

After the initiatorASM 3 02 has received the resource avail 
ability from the nodes 102 in the current cluster (block 408), 
the initiator ASM 302 attempts to map the pending tasks to 
one or more nodes from Which resource availability has been 
received (block 410). In one implementation, the initiator 
ASM 302 attempts to map the pending tasks after either the 
initiator ASM 302 has received the resource availability from 
all of the nodes 102 in the current cluster 108 or a predeter 
mined timeout period has elapsed. 

In one implementation (shoWn in FIG. 4 using dashed 
lines), a greedy admission process is used to map the pending 
tasks to one or more nodes 102 from Which resource avail 

ability has been received. The greedy admission process uses 
the resource availability of each node 102 that provided 
resource availability information. 

In this implementation, during the greedy admission pro 
cess, the initiatorASM 302 attempts to map the pending tasks 
106 to the nodes 102 from Which resource availability has 
been received based on the unused resource availability of 
each such node 102 using a best ?t/?rst ?t algorithm (block 
412). The best ?t/ ?rst ?t algorithm attempts to map as many 
of the pending tasks 106 as possible on one node 102. If the 
greedy admission process does not result in enough resources 
being provided to the pending application 104 (checked in 
block 414), then the initiator ASM 302 attempts to map the 
pending tasks 106 to the nodes 102 from Which resource 
availability has been received based on the unused resource 
availability and adaptation resource availability of such nodes 
102 (block 416).A best ?t/?rst ?t algorithm that attempts to ?t 
as many of the pending tasks 106 on one node 102 as possible 
is used. The initiator ASM 302 attempts to map the pending 
tasks 106 using the adaptation resource availability by deter 
mining if the pending tasks 104 can be admitted by reducing 
the resource utiliZation of one or more tasks 106 executing on 
one or more nodes 102 that have previously been admitted 
and are already executing at the time the mapping process 
occurs. A task 106 that should have its resource utiliZation 
loWered is referred to here as an “adapted task” 106. A dis 
tributed application 104 that comprises at least one adapted 
task 106 is also referred to here as an “adapted application” 
104. 

If there are enough available resources to admit the pend 
ing application (checked in block 418 of FIG. 4B), the initia 
tor ASM 302 sends a commit message to each node 102 
having at least one pending task 106 mapped to that node 102 
for execution thereon (block 420). In one implementation, the 
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commit message that is sent to each node 102 informs the 
node 102 Which of the pending tasks 106 are to be executed on 
that node 102. In such an implementation, the commit mes 
sage also indicates, for each pending task 106 to be executed 
on that node 102, the amount of each resource that should be 
used by that task 106. Also, the commit message indicates 
Which, if any, of the tasks 106 currently running on that node 
102 must be adapted and hoW they should be adapted (for 
example, by indicating Which resources to reduce the utiliZa 
tion of and by hoW much). 
As is described beloW in connection With FIG. 6A, the 

nodes 102 that receive the commit messages “commit” the 
resources identi?ed in the commit message to the pending 
tasks 106 identi?ed in the commit message. 
When adaptation is required to admit a distributed appli 

cation 104 (checked in block 422), the initiator ASM 302 
sends an adapt message to the other nodes 102 on Which the 
distributed application 104 executes that have not received a 
commit message (block 424). Those nodes 102 that do not 
receive a commit message and on Which the distributed appli 
cation 104 execute need to be informed that the distributed 
application 104 has been adapted. When such a node 102 
receives an adapt message, the node 102 is able to adjust the 
resource utiliZation for the distributed application 104 and 
notify its tasks, if appropriate. The resource utiliZation for the 
adapted application 104 on that receiving node 102 is 
adjusted to be compatible With the application resource utili 
Zation on the other nodes 102 on Which the application 104 
executes (for example, as described beloW in connection With 
FIG. 6B). 

If there are not enough available resources to admit the 
pending application (checked in block 418), the initiator 
ASM 302 requests that the local cluster head 102 forWard the 
admission request on to another cluster 108 in the netWork 
100 to check for resource availability (block 426). Such other 
cluster 108 is referred to here as a “remote cluster.” If there is 
no other remote cluster 108 left in the netWork 100 to check 
for resource availability (for example, When all the remote 
clusters 108 in the netWork 100 have previously been 
checked) (checked in block 428), the pending application 104 
is not admitted for execution in the netWork 100 (block 430). 
This fact is communicated by the initiator client 306 to the 
initiator client 306. 

If there is at least one other remote cluster 108 in the 
netWork left to check for resource availability, the local clus 
ter head 102 selects one such remote cluster 108 and forWards 
the admission request to the cluster head node 102 of the 
selected remote cluster 108 as described beloW in connection 
With FIG. 5B. 

The cluster head node 102 for the selected remote cluster 
108 receives the admission request and forWards the admis 
sion request on to each of the nodes 102 in the selected remote 
cluster 108. The admission request is forWarded in accor 
dance With the underlying routing protocol used in the net 
Work 100. As described beloW in connection With FIGS. 
5A-5B, and 6A-6B, each node 102 in the remote cluster 108 
sends a message to or otherWise informs the initiator ASM 
302 of the resource availability for that node 102. 

Method 400 then loops back to block 408, Where the ini 
tiatorASM 302 receives the resource availability information 
communicated from the nodes 102 in the current cluster 108 
and attempts to map the pending tasks to one or more nodes 
from Which resource availability has been received (for 
example, the local nodes 102 and the nodes in the selected 
remote cluster 108). Such processing is repeated until the 
initiator ASM 302 has located su?icient resources to admit 
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the pending application 104 or until the resource availability 
of all clusters 108 in the netWork 100 have been checked. 

FIGS. 5A-5B are How diagrams of a method 500 forWard 
ing admission requests on to nodes 102 in a cluster. The 
embodiment of method 500 shoWn in FIGS. 5A-5B is per 
formed by an application service manager 302 executing on a 
cluster head node 102 in the netWork 100. When an admission 
request is sent to the cluster head node 102 (checked in block 
502 of FIG. 5A), the cluster head node 102 receives the 
admission request (block 504) and forWards the admission 
request on to the nodes 102 in the cluster 108 of Which the 
cluster head node 102 is a member (block 506). For example, 
When the local cluster head node 102 receives an admission 
request from an initiator ASM 302 executing on the initiator 
node 102 in the local cluster 108, the local cluster head node 
102 forWards the admission request on to the local nodes 102 
in the local cluster 108. 

Each cluster head node 102 also listens for a request from 
an initiator ASM 302 to forWard the admission request on to 
another cluster 108 in the netWork 100 (block 508 shoWn in 
FIG. 5B). When the cluster head node 102 receives such a 
request, the cluster head node 102 is acting as the local cluster 
head node 102 for the initiator node 102 that sent the request. 
The initiator ASM 302 makes such a request When the 
resources available from the nodes 102 in the local cluster 108 
are not su?icient to admit the pending application 104. The 
local cluster head node 102 selects another cluster 108 to 
check for resource availability (block 510). Such other clus 
ters 108 are referred to here as “remote clusters” 108. The 
local cluster head node 102 selects a remote cluster 108 that 
has not previously has its resource availability checked for 
that particular admission request. In one embodiment, each 
cluster head node 102 maintains a “preference list” that iden 
ti?es the list of remote clusters 108 in the netWork 100. The 
local cluster head node 102 selects the remote cluster 108 to 
check next using, for example, a round-robin policy. If there 
are no other remote clusters 108 left to check for resource 

availability for that particular admission request (for 
example, When all the remote clusters 108 in the netWork 100 
have previously been checked) (checked in block 512), the 
local cluster head node 102 communicates that fact to the 
initiator node 102 (block 514). 

If there is another remote cluster 108 to check, the local 
cluster head node 102 forWards the admission request on to 
the cluster head node 102 of the selected remote cluster 108 
(block 516). The cluster head node 102 of the selected remote 
cluster 108, as described above in connection With blocks 502 
through 506, receives the admission request and forWards the 
admission request to the nodes 102 in the selected remote 
cluster 108. The nodes 102 in the selected remote cluster 108 
communicate their resource availability to the initiator node 
102 in response to the admission request. 

FIGS. 6A-6B are How diagrams of a method 600 of pro 
cessing admission requests received from the cluster head 
node. In the embodiment shoWn in FIGS. 6A-6B, method 600 
is performed by each node 102 in the netWork 100 that 
receives an admission request from cluster head node and that 
is to supply its resource availability to the initiator ASM 302 
in response to the admission request. In the folloWing descrip 
tion of FIGS. 6A-6B, the node 102 that performs method 600 
is referred to here as the “receiving node.” In one implemen 
tation of such an embodiment, the functionality of method 
600 is implemented as a part of the application service man 
ager 302 executing on the receiving node 102, Which interacts 
With the resource managers 304 on that node 102 as appro 
priate. 




















